The role of proportional-integral (PI) controller and proportional-integral-derivative (PID) controller as a speed controller for a Permanent Magnet Synchronous Motor (PMSM) in high performance drive system is still vital although new control techniques such as vector control theory that is more effective -but complex-is available. However, PI controller is slow in adapting to speed changes, load disturbances and parameters variations without continuous tuning of its gains. Conventional approach to these issues is to tune the gains manually by observing the output of the system. The tuning must be made on-line and automatic in order to avoid tedious task in manual control. Hence, an on-line self-tuning scheme using fuzzy logic controller (FLC) is proposed in this paper. The performance of the developed proposed controller is tested through a wide range of speeds as well as with load and parameters variations through simulation using MATLAB/SIMULINK. It is found that the proposed 25 rules FLC with adaptive input and output scaling factors enhances the performance of the system especially at high load inertia. The simulation results show that the developed controller can well adapt to speed changes as well as sudden speed reduction besides fast recovery from load torque and parameters variation and these show remarkable improvement compared to conventional PI controller performance.
Introduction
In process control today, more than 95% of the control loops are of PID type, most loops are actually PI control (Karl, 2002) , (Gupta,2002) . For example, it is used to regulate the speed of a motor, pressure of a chamber and heat of an oven. The popularity of PI control can be attributed to its simplicity (in terms of design and from the point of view of parameter tuning) and to its good performance in a wide range of operating conditions (Leandro et al., 2000) . The design of PI or PID controller is simple as the computations of the proportional gain, integral gain and derivative gain by means of second-order method or Ziegler-Nichols method are well-defined. However, the normal PI controllers present as a disadvantage the need of retuning whenever the processes are subjected to some kind of disturbance or when processes present complexities (non-linearities) (Karasakal, 2005) .
To overcome these problems various new control techniques such as fuzzy logic control and neural network principles are being investigated. These new techniques are not meant to replace the conventional methods which still widely used in industry. In some particular systems such as first-order and second-order linear systems, fuzzy logic or other new techniques do not improve much in terms of the output performance. As a result, the available conventional controllers that can do their job are never replaced by fuzzy controller to avoid adding unnecessarily cost to the system. It is the job of a control engineer to opt for new control techniques or conventional methods in designing a controller based on the necessity and complexity of the system. In some cases, fuzzy logic controller (FLC) can be used to aid conventional method to enhance the output performance. This is very important issue as in some existing conventional PI controllers fixed gains calculated is good when the system is running with rated speed and rated conditions. Often, when running a system there will be a lot of speed changes, load disturbances and parameter variations (Mutasim & Shirren, 2006) . Hence, the fixed gains of the PI controller will not be able to perform the compensation role for such conditions without re-tuning its parameters. This collaboration is practical as most of the industrial system that are using conventional controller can insert a FLC to their control system for optimization purposes without changing much of the system topology and scrapping the conventional controller.
In recent years, there has been an increasing interest in developing alternative methodologies for designing industrial PI controllers such as auto-tuning, self-tuning, pattern recognition, fuzzy logic, neural network and genetic algorithm. For fuzzy logic alone, many investigations and research on different types of adaptive fuzzy PI and PID controllers have been reported in (Hoang, 1995) , (Onur et al., 2003) , (Kouzi, et al., 2003) and (Mutasim et al., 2005) . In general, fuzzy logic PI controller design can be classified into two major categories according to the way of their construction: Either the gains of the conventional PI controller are tuned on-line in according to the knowledge base and fuzzy inference, and then the conventional PI controller generates the control signal or a typical FLC is constructed as a set of heuristic control rules, or the control signal is directly deduced from the knowledge base and the fuzzy inference (Mudi & Pal., 1999) .
In this paper, a two-input and two-output FLC is used to tune the PI gains of permanent magnet synchronous motor (PMSM) controller. The tuning is made on-line to compensate for any load disturbances, speed changes and system parameter variations. The inputs for the FLC are error (E) and change of error (CE) while the outputs are change in proportional gain (CKp) and change in the integral gain (CKi). The outputs of the FLC are used to tune the respective gains of the PI controller to optimum values. Since the FLC tunes the existing PI controller gains on-line, it is described as the self-tuning of PI gains using fuzzy logic controller. Throughout the paper, this controller is described as fuzzy-PI controller for simplicity.
Controller Design Methodology
A typical control structure of a PMSM is shown in Figure 1 (Krishnan, 2001 ). As the current time constant is much smaller than the mechanical time constant, a change in current loop is very much faster compared to a change in speed loop. Hence, current loop can be represented by simply a gain or constant. This can ease the design of speed controller as the control structure is reduced to second-order system and Figure 1 is simplified to Figure 2 .
Based on A 380W PMSM parameters given in Table 1 , satisfactory values for proportional gain (K p ) and integral gain (K i ) were determined using Ziegler-Nichols method (K p = 0.2 and K i = 2.1). These values were used as a starting point for the fuzzy-PI controller to update the gains accordingly based on the error and change of error. The starting points of gains are chosen to be at half rated speed to make the tuning of gains to be equivalent for lowest speed and highest speed.
Extraction of the FLC Rules
An experiment to study the effect of rise time (T r ), maximum overshoot (M p ) and steady-state error (SSE) when varying K p and K i was conducted. The results of the experiment were used to develop 25-rules for the FLC of K p and K i . The followed procedure is outlined below.
The effects on the rise time (T r ), maximum overshoot (M p ) and steady state error (SSE) of the response were observed when varying K i while fixing K p at 0.2 and varying K p while fixing K i at 2.1. Table 2 records these effects. The values of K p and K i are obtained through the design of PI Controller as stated above. The reference speed is set to be from 300 to -300 rad/s that is about 50 % of the rated speed with full-load (FL). The results in Table 2 are used to create Table 3 that shows the effect of varying K p and K i . This table is created in such a way that the magnitude of the effects on T r , M p and SSE are determined when the gains of K p and K i are varied.
Membership Functions Selection
The design of FLC is based on Table 3 in deciding when to manipulate K p and K i based on the response of the system. For example, when steady-state error is big, gains of K p and K i should be increased and vice versa. Error E k can be represented by steady-state error (SSE) while change in error CE k can be approximated by rise time (T r ) since:
where T is sampling time, E 2 is current error and E 1 is previous error. The normalised speed error E k and the normalised change of error CE k can be calculated from:
where ω ref k is reference speed (rad/s), ω k is measured speed (rad/s) and E k-1 is previous normalised error. E k and CE k are the two inputs to the FLC to calculate the change of proportional gain CK p and change of integral gain CK i which will be summed together to form the new input current command i q for the control of PMSM. Notice that, equation (2) and (3) are normalised by the reference speed at every instance. This is to scale the value of E k and CE k down to the range of -1 to 1 as the range of the universe of discourse for the membership functions of FLC is selected to be from -1 to 1 as will be seen later in the following sections.
The effective gain for proportional control (TK p ) and integral gain (TK i ) can be calculated as:
where TCK p is sum of changes in proportional gain, TCK i is sum of changes in integral gain, K p is the initial proportional gain set and K i is the initial integral gain set.
The behaviour of implementing the rules in Table 4 is identical to the often used rule base designed with a two-dimensional phase plane which has 49 rules (Yanan & Collin, 2003) . Series of tests were performed to choose the most suitable membership function (MF). A comparison between the performance of four MFs types were conducted and revealed that the assymmetrical Bell-shaped performed better than symmetrical Bell-shaped, asymmetrical triangle-shaped and symmetrical triangle-shaped MFs. Therefore, assymmetrical Bell shaped MFs were employed in this work.
Tuning Mechanism

GCE Tuning
The FLC previously designed can be improved further by tuning one input of the FLC. This input gain (GCE) that needs to be tuned is the change of error (CE) input for the FLC. GCE is tuned with respect to speed changes. Different speed response has different optimum values of GCE as shown in Table 5 . By using these values, the response of the system is tested to be significantly better in term of rise time. Hence, data from Table 5 is used to form an on-line tuning mechanism for different speed applied. The method chosen is called the look-up table method or gain scheduling. In this method, different GCE values from -628 to 628 rad/s are written into a programme and the other in between values are calculated based on interpolation method. Interpolation is a process for estimating values that lie between known data points. The high maximum overshoot output responses due to the change of moment of inertia can also be overcome by changing the values of GCE as shown in Table 6 .
To minimize the maximum overshoot, the price for it is slower rise time. In other words, there is a need to compromise between rise time and maximum overshoot. In Table 6 , the values of GCE are optimised so that the maximum overshoot is eliminated but the rise time for the system raised quite significant as can be seen in Table 7 . The main reason for doing this is to avoid the system to be damaged by high overshoot. The simulation model in this stage is modified by including the gain scheduling process. The slow rise time due to the increased inertia cannot be tolerated in high performance drive system. Hence, further improvement for the rise time is done next.
GCE and GIQ (I/O Gains) Tuning
It is found that by tuning of GIQ as a function of inertia and speed and fixing GCE tuning results in smoother and faster response for certain speeds. In addition, high overshoot and slow response as a result of increased inertia can also be overcome. Hence the output control signal is scaled up or down accordingly by GIQ as a function of speed and moment of inertia. From Table 9 , it is obvious that as inertia increases, GIQ decreases. This is to make sure the FLC updates the K p and K i with a smaller value to avoid overshoot because the overshoot increases when inertia increases as discovered previously.
When only the GIQ is changed, the recovery of speed from load changes become slower. To overcome this problem, GIQ needs to be tuned as a function of load as well. When load occurs, the output gain must be increased to ensure the response recovers from load changes faster. It is observed that for all speed, the recovery from load changes is fast by using a fix GIQ of 1. The final stage of the developed controllers can be seen clearly from the simple block diagram shown in Figure 3 .
Results and Discussion
The performance of the tuned-gain FLC performance against the performance of the fixed gains PI controller, and the performance of the fixed-gain FLC are presented in this section. The simulation block diagram model in Simulink is given in Figure 4 .
Fixed Gains PI Controller
Graphs in Figure 5 shows a collection of results obtained from the simulation model that uses a fixed PI controller gains as a speed controller. The gains of the parameters are set based on half rated conditions at + 300 rad/s. At these conditions, the PI controller plays its role well. However, when the speed changes to the rated speed which is 628 rad/s or any other speed, high overshoot and high steady-state error (SSE) occurs. This is because the fixed gains of the controller cannot adapt to speed changes well. Figure 6 shows the performance of the FLC at first stage of development that is with fixed input and output gains. The performance of this control is good throughout a wide range of speed with zero SSE and fast rise time. The only drawback of this FLC is high overshoot at increased inertia. High overshoot occurs when the inertia is varied as can be seen from Figure 6 (a). This occurs because FLC tune the gains of PI controller to very high value due to the slow response of the system and by the time the response reaches the reference speed, FLC failed to decrease the high value of gains instantly and this causes the overshoot. However, the response tends to settle down to zero SSE after a short time but the overshoot for the response of 10 J is considered very high and is not acceptable in most of the applications. Although, it is very unlikely that 10 J is going to occur in real-time but effort in minimizing the overshoot is made as can be seen in next part of the results. As for the case of PI controller, the effect of varying the stator resistance and the stator inductance on the response of the system is not significant as shown in Figure 6 (b) and (c). Figure 6 (d) shows that the FLC can adapt to small speed reduction well at J and acceptable response with some overshoot is obtained at 2 J. These two responses follow the small speed reduction very fast with zero SSE.
Fixed-Gain FLC
Fast recovery from load changes to zero SSE can be seen in the magnified figures in Figure 7 whether at forward transient or reverse transient. The dip as a result of load is very small and is hardly visible if it is not magnified. These show that the developed FLC can adapt to load changes very well. Figure 7 . Besides, very fast recovery from load changes can also be obtained at forward transient where the dip as a result of load disturbance is very small an not clearly visible even though when it is magnified. For the reverse transient case, the recovery from load changes is considerably fast. The variations in the gains depicted in Figure 10 . Initially, it can be seen that both the gains increased to high value at starting point because the error at this point is very big. As the response reaching zero SSE, the gains are seen to decrease to avoid excessive gains that will cause overshoot and leads to deterioration of stability.
Tuned-Gains FLC
Results in this part
When FL is applied and removed at 0.02 s and 0.08 s respectively, the gains at this point are enough to compensate for the load disturbances as no increment of gains are seen. During reverse transient at 0.1 s, the gains are decreased abruptly for the motor to rotate in another direction and then settle down back when reaching zero SSE at the reverse transient. When FL is applied again at 0.12 s, it can be seen that the gains increased for load recovery. When FL is removed at 0.18 s, the gains are seen to decreased back to the original value before FL is applied.
The control signal i q as a result from the self-tuning controller gains and the electromagnetic responses are shown in Figure 11 . Initially, very high current is needed to start the motor to overcome friction and inertia. When the motor starts to rotate, lesser current is needed. However, the current increased to approximately 1.9 A (rms) when FL is applied at 0.02 s and 0.12 s. This current is the rated current of the motor.
Conclusion
A self-tuning fuzzy logic controller (FLC) that tunes the gains of PI controller was developed. This controller shows improvements in terms of zero steady-state error and fast recovery from load changes compared to the conventional PI controller with fixed gains which does not have fast speed tracking and fast recovery from load changes and parameters variations. The enhancement of the controller is made by tuning the input and output scaling factors of the FLC by gain scheduling. These enhancements efforts show noticeable improvement especially at increased inertia and response smoothness. The developed controller is proven to be robust as it was applied to control the motor speed at different speeds and parameters variation. Since, PI controller is still widely used in industry; the developed FLC can be applied to the available PI controller for optimization purposes once the implementation is carried out successfully. The developed control algorithm has been proven successfully in simulation and the next step is to be implemented in hardware using "Intelligent Motor Drive Module Development (IMDMD15)". 
